A practical method is presented that implements prestack depth migration by symmetric nonstationary phase shift. Reflectivity at each depth step is computed by finding the ratio of the reflected wavefield and the incident wavefield. The wavefields are computed from the surface by downward continuation of the source and receiver wavefields. Downward continuation is accomplished using the cascade of a nonstationary convolution filter and a nonstationary combination filter. The combination filter is analogous to phase shift plus interpolation (PSPI). The convolution filter can be shown to be the transpose of the combination filter and is a recently developed extrapolator NSPS. Both filters can be applied as continuous operators, as the authors have demonstrated elsewhere or, for a piecewise constant macro velocity, they can be applied as a superposition of constant velocity extrapolations. The application of the two operators as a cascade can be shown to result in one symmetric operator SNPS that has greater stability than either filter applied separately, and reduces runtime.
Introduction
have demonstrated the use of nonstationary filters applied as convolution/combination filters in depth migration. Computer runtime is related to the lateral smoothness of the velocity and reductions result for smooth velocities. We present an alternative approach that gains run time advantages in settings where the velocity can be represented by a piecewise constant construction. Intuitively, part of the procedure is similar to that of phase shift plus interpolation (PSPI, Gazdag and Squazerro, 1984) but differs in that a second nonstationary form is included in wavefield extrapolation. The resulting extrapolation can be shown to more stable (Margrave and Ferguson, 1999) and faster than running either NSPS or PSPI.
Nonstationary filters
The depth migration that we present is based on the two forms of nonstationary filters as described in Margrave (1998) . The first, called a convolution filter, takes the following monochromatic form in 2D when applied to wavefield extrapolation (Margrave and Ferguson, 1999) 
Equation (1) states that the spectrum ϕ of a wavefield ψ at depth z can found by extrapolating the wavefield ψ o recorded at the surface. Extrapolation of ψ o proceeds simultaneously with a forward Fourier transform.
The second filter form, nonstationary combination, is given by (Margrave and Ferguson, 1999) 
where ψ at depth z is computed by extrapolating the spectrum ϕ o recorded at the surface. Note that the extrapolator α is the same as for the convolution form but that it is applied simultaneously with an inverse Fourier transform. Margrave and Ferguson (1999) show that the convolution filter forms a continuous superposition of impulse responses while the combination filter forms a discontinuous superposition. Further, it can be shown that the combination operator, equation 1, is the phase shift plus interpolation operator (PSPI, Gazdag and Squazerro, 1984) in the limit of continuous lateral velocity variation. The other form is a new operator called nonstationary phase shift (NSPS, Margrave and Ferguson, 1999) .
Symmetric extrapolation operator
Etgen (1994) demonstrates that operators such as PSPI can become unstable in the presence of instantaneous velocity contrasts of +/-thousands of meters per second. Margrave and Ferguson (1999) expand on this work and demonstrate that indeed the NSPS operator suffers from the same instability but that a hybrid of the two, dubbed symmetric nonstationary phase shift (SNPS), has greater stability. The SNPS operator has the symmetry required by reciprocity (Wapenaar and Grimbergen, 1998) . The SNPS operator then is
Practical depth migration by nonstationary phase shift
Equation (4) extrapolates the recorded wavefield ψ o to depth z by splitting the process into two depth steps of z/2. The first step carries ψ o to the spectrum ϕ z/2 at depth z/2 using NSPS. The second step carries ϕ z/2 through the remaining z/2 to get ψ.
Piecewise constant description
Depth migrations based on NSPS, PSPI and SNPS can be optimized to reduce run time if the lateral velocity variation is smooth (Margrave and Ferguson, 1999) . Alternatively, if the variation in velocity is piecewise constant, as in figure  1 , the three methods can be optimized using windowing operations and multiple constant velocity phase shifts. For each unique velocity v j along coordinate x a window Ω j is constructed such that it takes on a value of 1 at every x location corresponding to the value v j . The window Ω j is then used to restrict the data that is included in the extrapolated image (ψ o in NSPS and ψ j in PSPI). Equations (1) and (3) become
where the window Ω j is
and
Similarly the SNPS operator can be modified. Figures 2 and 3 present a set of flow charts, which illustrate the implementation of, respectively, NSPS, PSPI and SNPS.
Prestack migration
Implementation of prestack depth migration by nonstationary phase shift is used to estimate reflectivity at all spatial coordinates in the subsurface. If at t=τ an incident wavefield ψ S is converted to a reflected wavefield ψ R at a reflecting interface located at x and z then the seismic reflectivity at (x,z) is defined as (Berkhout, 1985) ( ) 
The recorded wavefield ψ R is ψ 0 extrapolated to depth z and ψ S is a model of the shot extrapolated to z. (The far right hand side gives the same relation in terms of inverse temporal Fourier transforms.) If r is independent of ω then
is a monochromatic description of r. If we average r over the entire seismic band then
where * indicates the complex conjugate. We take advantage of the fact that the -ω components of wavefields are deducible from the +ve components. Thus, only those monochromatic wavefields corresponding to +ve values of ω are extrapolated. In the following examples we use the SNPS form of the piecewise constant extrapolator (figure 3) to extrapolate ψ 0 to all points in the subsurface and we use equation (11) to estimate reflectivity there.
Marmousi
The Marmousi data set is the result of a finite difference modeling experiment conducted in 1988 by the Institut Francais du Petrole (Bourgeois, 1990) . It consists of 240 shot gathers of 96 traces each sampled at 4 ms. The underlying geological model (figure 5 bottom) represents a profile through the North Quenguela trough in the Cuanza basin of Angola. It was designed as a blind test to be distributed to the participants of a workshop on seismic inversion.
The Marmousi data obtained for our imaging trial had no preprocessing applied thus the embedded source wavelet and multiples have not been removed. We obtained the velocity model that was used to generate the data and desampled it from 4 m in x and z to 25 meters in x and 12 meters in z. Desampling was done by generating each reduced sample point as the average of the surrounding velocities.
The velocity model was then made piecewise continuous by rounding each velocity to the nearest 100 m/s laterally.
A shot record, its migrated result, and the corresponding velocity model are given in figure 4. Each migrated shot was processed to whiten the spectrum prior to superposition into the final image. A top mute was also applied to reduce migration noise in the shallower section.
The final image, figure 5 top, is a superposition of every 5 th shot. All of the major seismic markers are present including three normal growth faults between 4 km and 8.5 km above 1.6 km, and a large salt body below 1.6 km and above 2.5 km. A good image of the structural hydrocarbon trap below 2.5 km and between 6km and 8 km is present. The top and bottom of the trap are resolved but the internal bedding is possibly beyond the resolution of the depth step we used. Elsewhere many of the steeply dipping folds have been imaged.
Conclusions
In prestack depth migration, when dealing with a velocity model that is piecewise constant laterally, it is possible to run symmetric nonstationary phase shift as a set of constant velocity phase shifts. Appropriate windowing of the input and output controls the implementation of SNPS. The advantage is that implementation can be achieved using a standard phase shift extrapolator. The extension to 3D is greatly simplified by the piecewise method eliminating the need to compute full nonstationary extrapolators. Margrave, G.F., and Ferguson, R.J., 1997 
